The peptidoglycan (PGN)-recognition protein LF (PGRP-LF) is a specific negative regulator of the immune deficiency (Imd) pathway in Drosophila. We determine the crystal structure of the two PGRP domains constituting the ectodomain of PGRP-LF at 1.72 and 1.94 Å resolution. The structures show that the LFz and LFw domains do not have a PGN-docking groove that is found in other PGRP domains, and they cannot directly interact with PGN, as confirmed by biochemical-binding assays. By using surface plasmon resonance analysis, we show that the PGRP-LF ectodomain interacts with the PGRP-LCx ectodomain in the absence and presence of tracheal cytotoxin. Our results suggest a mechanism for downregulation of the Imd pathway on the basis of the competition between PRGP-LCa and PGRP-LF to bind to PGRP-LCx.
INTRODUCTION
Antimicrobial peptide (AMP) production by immune competent cells is an essential part of the insect immune response. By using Drosophila genetics, it has been possible to progressively decipher the signalling cascades that mediate AMP production upon microbial infection (Ferrandon et al, 2007) . It is now established that two nuclear factor kB (NF-kB)-dependent signalling cascades control the regulation of most of the immune-induced genes in Drosophila. The Toll pathway is mainly activated by Grampositive bacteria during the systemic immune response (Lemaitre et al, 1996) . Detection of Lys-type peptidoglycan (PGN)-which is present in most of the Gram-positive bacteria cell walls-by the circulating pattern-recognition receptor PGRP-SA, ultimately leads to Spätzle maturation and Toll activation (Michel et al, 2001 ). Gram-negative bacteria and their diaminopimelic acid (DAP)-type PGNs trigger another NF-kB-dependent cascade-the immune deficiency (Imd) pathway-through the transmembrane receptor known as PGN-recognition protein LC (PGRP-LC; Choe et al, 2002 Choe et al, , 2005 Gottar et al, 2002; Ramet et al, 2002; Leulier et al, 2003) . Alternative splicing at the PGRP-LC loci results in three receptor isoforms, in which different PGRP domains-LCa, LCx and Lcy-are fused to a common invariant cytoplasmic domain. For reasons that remain unclear, it seems that the Drosophila immune system uses different PGRP receptor combinations to detect monomeric and polymeric PGN. Biochemical experiments have shown that LCa alone does not have affinity to polymeric PGN or to its monomeric derived muropeptides, tracheal cytotoxin (TCT). However, it has been shown that PGRP-LCa is important in the DAP-type PGN receptor complex. The current model is that TCT binds to and is presented by the LCx ectodomain for recognition by the LCa ectodomain (Mellroth et al, 2005; Chang et al, 2006) . The PGRP-LCx isoform recognizes polymeric PGN, and it has been proposed that PGRP-LCx forms clusters on this polymeric ligand.
Activation of the immune response is energetically expensive, and inappropriate activation is detrimental to the host. Consistent with this idea, overactivation of the Imd pathway in wild-type flies is lethal. To keep the immune response properly modulated, the activation of the Imd pathway is tightly regulated at many levels. This includes the control of availability of the ligand by amidases (Bischoff et al, 2006; Zaidman-Remy et al, 2006) , the control of membrane localization of the PGRP-LC receptor by the Pims protein (Lhocine et al, 2008) and the control of occupancy of the NF-kB-binding site on immune-induced promoter genes by the Caudal transcription factor (Ryu et al, 2008) . Two recent studies have shown that the transmembrane protein PGRP-LF, also acts as a specific negative regulator of the Imd pathway (Persson et al, 2007; Maillet et al, 2008) . PGRP-LF contains a 23-amino-acid intracellular tail, a transmembrane domain and two extracellular PGRP motifs (LFw and LFz) that have strong sequence similarity to the PGRP domains of PGRP-LCa and -LCx. Reduction in PGRP-LF levels in vivo, in the absence of infection, is sufficient to trigger Imd pathway activation. Consistent with this finding, overexpression of PGRP-LF in flies blocks the induction of AMP synthesis after microbial challenge. Two models have been proposed to account for these immune phenotypes. The first model proposes that by interacting with PGRP-LC, PGRP-LF prevents spontaneous PGRP-LC dimerization and therefore avoids spontaneous Imd pathway activation. The alternative hypothesis is that PGRP-LF binds to PGN and by doing so reduces or titrates out the endogenous stimulatory PGN. The latter model is supported by Persson et al (2007) , who have reported that a tagged recombinant PGRP-LF is able to bind to insoluble PGN. To discriminate between these hypotheses and to understand the structural basis of the unique role of PGRP-LF in negatively regulating the Imd pathway, we determined the crystal structure of the two PGRP domains that form the ectodomain of PGRP-LF.
RESULTS

Overall structure of LFz and LFw domain
Drosophila PGRP-LF is a type II membrane protein composed of 369 amino-acid residues, with a very short amino-terminal cytoplasmic domain (residues 1-23) followed by a transmembrane segment (residues 24-46). The extracellular part of the protein is composed of two PGRP domains, LFz and LFw. The LFz domain (residues 52-225; Fig 1) was expressed in Drosophila S2 cells and its crystal structure was determined at 1.72 Å resolution. The crystals contain two copies of the protein in the asymmetrical unit, designated as chain A and chain B. LFz comprises a central b-sheet composed of six b-strands surrounded by three a-helices and two 3 10 turns (Fig 2A) . LFz contains one disulphide bridge (Cys 94-100), that tethers the helix a1 to the loop b1-b2.
The LFw domain (residues 230-369; Fig 1) of PGRP-LF was produced in E. coli and its crystal structure was determined at 1.9 Å resolution. As for LFz, the final refined model contains two molecules in the crystallographic asymmetrical unit designated as chain A and chain B. The structure of the LFw domain is similar to that of LFz except for the carboxy-terminal part (Fig 2B) . Although LFw has most of the classical structural features of the family-such as the central b-sheet and the conserved disulphide bridge (Cys 271-277)-it contains only two a-helices and one 3 10 turn, making it the shortest Drosophila PGRP domain.
LFz and LFw have a modified PGN-binding groove
All previously reported PGRP structures, with the exception of PGRP-LCa, contain a conserved L-shaped cleft that forms the PGN-binding pocket. The bottom of this groove is formed by the central b-sheet, whereas the walls are constituted on one side by the b6-a3 and b4-b5 loops and on the other by the C-terminal part of the a1 helix and the beginning of the a1-b3 loop. Residue insertions in the b6-a3 and b4-b5 loops disrupt the PGN-binding site in PGRP-LCa, explaining its inability to bind to PGN. To estimate whether PGRP-LF is a PGN-binding protein, the crystal structure of PGRP-LCx (Chang et al, 2006) in complex with TCT was superimposed on LFz and LFw structures. These superimpositions indicate that LFz structure is similar to that of LCx as Fig 1 | Sequence alignment of the LFz, LFw, LCx and LCa peptidoglycan-recognition protein domains. Secondary structure elements are indicated above the sequences as blue arrows and red cylinders. Conserved residues are boxed and strictly conserved residues are shown in white with a red background. The conserved arginine residue determinant for the DAP-type specificity is marked with a red star. Important residues that are responsible for the lack of the binding of LFz and LFw to PGN are marked with yellow and green stars, respectively. DAP, diaminopimelic acid; PGN, peptidoglycan; PGRP, peptidoglycan-recognition protein.
Crystal structure of Drosophila peptidoglycan-recognition protein LF N. Basbous et al 135 Ca of the 165 Ca (82%) of the model have equivalent positions in both molecules, with the distance between the superimposed Ca atoms being o1 Å . However, a structural difference distinguishes LFz from LCx: the b4-b5 loop adopts a different conformation in LFz, leading to complete obstruction of the putative PGN-binding site (Fig 2C,D) . We believe that the orientation of the LFz b4-b5 loop is not due to a packing effect, as no symmetry-related molecule is found nearby. Moreover, an extensive network of hydrogen bonds maintains the position of the b4-b5 loop. The main consequence of this conformational change is that the LFz b4-b5 loop protrudes into the crevice, taking the position that the D-Glu of the TCT stem peptide occupies in an LCx-TCT interaction (Fig 2F) . In addition, Q143OE1 forms a hydrogen bond with R136NH2, and blocks access to this arginine, Crystal structure of Drosophila peptidoglycan-recognition protein LF N. Basbous et al which engages in an electrostatic interaction with TCT that is essential for an efficient LCx-TCT interaction (Chang et al, 2006; Lim et al, 2006) .
For LFw, 95 out of 135 residues have equivalent positions in LCx (distance between the superimposed Ca atoms: o1 Å ), giving a structural similarity of 70%. The main differences between the two domains are in the C-terminal part of the molecule. The b5-a2 loop (334-338) is six residues shorter in LFw than in other PGRP domains. As a consequence, the a2 helix and b6 strand (residues 339-363) are slightly displaced, accounting for many of the non-equivalent residues. Differences also occur in the crucial b4-b5 loop, which is two residues shorter than in LCx (Fig 1) . The shortening of the domain together with the presence of two contiguous proline residues (Pro 321 and Pro 322) explains why the b4-b5 loop adopts a unique folding conformation in LFw (Fig 2E,G) . As a consequence, the two proline residues located at the tip of the loop occupy a position that the D-Glu of the TCT stem peptide would fill in a functional LCx-TCT interaction. In addition, Glu 320 forms a hydrogen bond with Arg 313 and has a similar role to Gln 143 in LFz.
Altogether, the analyses of LFw and LFz crystal structures indicate that neither of the PGRP domains of PGRP-LF is able to directly interact with PGN or its derivatives.
PGRP domains of PGRP-LF do not bind to DAP-type PGNs
To confirm our structural data, we tested the ability of the LFz and LFw domains to bind to DAP-type PGN, by using pull-down experiments with insoluble PGNs isolated from the Gram-negative bacteria, Escherichia coli. Our results demonstrate that neither LFz or LFw domains are PGN-binding domains. By using the same assay, it was shown that the DAP-type PGN-binding protein PGRP-SD (Leone et al, 2008) binds to PGN (Fig 3A) . Pull-down assays performed with the full-length ectodomain comprising the two PGRP domains, to investigate a potential cooperative effect, yielded identical results ( Fig 3A) . As the pull-down method does not analyse complexes at equilibrium, fast-dissociating complexes might not be detected by this method. PGN binding to PGRP-LF domains was therefore evaluated by using the hold-up technique. Again, we showed that LFz, LFw and the full-length ectodomain are unable to bind to PGN, even transiently (Fig 3B) . The biochemical results presented above confirm the hypothesis made as a result of the structural analyses, and allow us to conclude that PGRP-LF does not interact directly with PGN. Pull-down assays Crystal structure of Drosophila peptidoglycan-recognition protein LF N. Basbous et al were performed with proteins for which the V5-His tag was removed by limited proteolysis. V5-His-tagged proteins gave different results (supplementary Fig S1 online) , that resemble those obtained by Persson et al (2007) . This might suggest interferences between the tag and the PGN in the pull-down assay.
PGRP-LF ectodomain interacts with PGRP-LC ectodomains
If PGRP-LF does not bind to PGN, how does it interfere with PGRP-LC signalling? An alternative hypothesis is that it interacts with the signalling receptor itself, instead of the ligand.
To identify a putative PGRP-LF-PGRP-LC interaction, we used surface plasmon resonance (SPR) imaging, with LCx immobilized on a CM5 sensor chip. The binding properties of LF and LCa domains were evaluated in the presence or absence of TCT.
We demonstrate that, in the absence of TCT, LF displays the same weak affinity for LCx as LCa does for LCx. The same series of concentrations of LCa with a constant amount of TCT resulted in an increased response (approximately sevenfold). The affinity constant, K d , of LCa-LCx binding was 18.3±8.3 mM (95% confidence interval). When the same experiment was performed with LF in the presence of TCT, the responses were similar to those measured with LCa, with a calculated K d of 17.6±6.1 mM (Fig 4) . Injection of TCT alone or the Lys-type PGN-binding protein PGRP-SA (20 mM), in the presence and absence of TCT, gave negligible responses (10-20 refractive units). In conclusion, SPR imaging studies confirm that TCT strongly enhances interactions with LCx, and show that LF interacts with LCx in a similar way to LCa, in the absence and presence of TCT. 
where /IS h is the mean intensity of the symmetry-equivalent reflections.
where F o and F c are the observed and calculated structure factor amplitudes, respectively, for reflection h. y R free is the R-value for a subset of 5% of the reflection data, which were not included in the crystallographic refinement.
Crystal structure of Drosophila peptidoglycan-recognition protein LF N. Basbous et al DISCUSSION PGRP-LC, a member of the membrane PGRP family, is required for activation of the Imd pathway in response to Gram-negative bacterial infections. Several studies have shown that overexpression of full-length PGRP-LCa or PGRP-LCx in the absence of PGN is sufficient to trigger downstream signalling, both in vitro (S2 cells) and in vivo (flies). Moreover, Kaneko et al (2004) have shown that all three PGRP-LC isoforms can homo-or heterooligomerize in vitro in the absence of PGN. This suggests that in vivo mechanisms prevent spontaneous dimerization of PGRP-LC molecules. Here, we propose a model in which the transmembrane protein PGRP-LF functions to prevent spontaneous Imd pathway activation by forming non-signalling heterodimers with PGRP-LC isoforms. By solving the crystal structures of both PGRP-LF PGRP domains, we show that their putative PGNbinding groove is unable to accommodate a functional interaction with TCT. This was confirmed by pull-down and hold-up experiments. PGRP-LF, together with PGRP-LCa, is the second Drosophila PGRP-domain-containing protein that has been shown to be unable to bind to PGN. The results obtained by SPR show that LF interacts with LCx in the absence of TCT at a level comparable to the interaction between LCx and LCa. However, in addition to confirming the previously reported interaction between LCx and LCa in the presence of TCT, SPR data show that LF also strongly interacts with LCx in the presence of TCT. This unexpected result reflects the high level of structural homology between the PGRP domains of PGRP-LF and PGRP-LC. PGRP-LF could therefore be considered to be a competitor of PGRP-LCa, in the absence or presence of TCT. This suggests a mechanism for Imd downregulation on the basis of the competition between LCa and LF for the binding to LCx. Consequently, it can be inferred that the presence of LF at the cell surface would reduce the probability of forming unwanted signalling LC dimers in the absence of TCT, and would thus contribute to the maintenance of a low background level. This is consistent with the fact that removing PGRP-LF in vivo is sufficient to trigger Imd signalling. The presence of TCT would increase not only the number of LF/TCT/LCx complexes, but also the number of signalling LCa/TCT/LCx complexes, leading to the activation of the pathway. Finally, on the basis of our model, one prediction would be that increasing the number of LF molecules at the cell surface will decrease the number of signalling LC dimers and, in turn, the intensity of the response. This has been reported in flies in which PGRP-LF has been overexpressed. The SPR studies have been performed with TCT. Further studies should be designed to investigate the interaction of PGRP-LF with PGRP-LC isoforms in the presence of polymeric PGN.
METHODS
Crystallization and structure determination. LFz and LFw were overexpressed in Drosophila S2 cells and in E. coli, respectively, and purified with affinity chromatography followed by gel filtration. The V5-His tag of LFz was removed by limited proteolysis. Crystallization was performed at 20 1C, by hangingdrop vapor-diffusion. After flash-freezing at 100 K in liquid nitrogen, data were collected at the European Synchrotron Radiation Facility. Both structures were solved by molecular replacement with PHENIX (Adams et al, 2002) , using the structure of PGRP-LCx and PGRP-LCa as starting models (PDB code: 2F2 L chain X and chain A). Refinement was performed using PHENIX.REFINE (Adams et al, 2002) and Coot (Emsley & Cowtan, 2004) . Structural analysis was performed using the program Turbo-Frodo (Roussel & Cambillau, 1991) . Atomic coordinates and structure factors were deposited in the Protein Data Bank (http://www.rcsb.org) under the accession codes 2XZ4 and 2XZ8. The crystallographic parameters of the two structures are listed in Table 1 . All structure figures were prepared with PyMOL (http://www.pymol.org). Further details can be found in the supplementary information online. PGN-binding assays. As well as the standard pull-down assay, an equilibrium-binding assay was designed following the hold-up technique presented by Charbonnier et al (2006) . The hold-up assay is based on the principle of comparative retention. To have reproducible results and treat the samples and controls simultaneously, we automated this assay on a Tecan robot, using a protocol modified from Vincentelli et al (2005) . Further details can be found in the supplementary information online. SPR analysis. Interactions between PGRP-LCx and PGRP-LCa or PGRP-LF, with and without TCT were measured using a Biacore X100. SPR measurements were performed using a Biacore X100 optical biosensor with a research grade CM5 sensor chip (Biacore AB, Uppsala, Sweden). PGRP-LCx was immobilized using standard amine-coupling chemistry according to the manufacturer's instructions (Biacore Inc.). The binding experiments were performed by injecting increasing concentrations of proteins. Further descriptions are given in the supplementary information online. Supplementary information is available at EMBO reports online (http://www.emboreports.org).
